Abstract & Key message We compiled 2,458 biomass equations from 168 destructive sampling studies in Indonesia. Unpublished academic theses contributed the largest share of the biomass equations. The availability of the biomass equations was skewed to certain regions, forest types, and species. Further research is necessary to fill the data gaps in emission factors and to enhance the implementation of climate change mitigation projects and programs. & Context Locally derived allometric equations contribute to reducing the uncertainty in the estimation of biomass, which may be useful in the implementation of climate change mitigation projects and programs in the forestry sector. Many regional and global efforts are underway to compile allometric equations.
& Aims The present study compiles the available allometric equations in Indonesia and evaluates their adequacy in estimating biomass in the different types of forest across the archipelago. & Methods A systematic survey of the scientific literature was conducted to compile the biomass equations, including ISI publications, national journals, conference proceedings, scientific reports, and academic theses. The data collected were overlaid on a land use/land cover map to assess the spatial distribution with respect to different regions and land cover types. The validation of the equations for selected forest types was carried out using independent destructive sampling data. & Results A total of 2,458 biomass equations from 168 destructive sampling studies were compiled. Unpublished academic theses contributed the majority of the biomass equations. Twenty-one habitat types and 65 species were studied in detail. Diameter was the most widely used single predictor in all allometric equations. The cumulative number of individual trees cut was 5,207. The islands of Java, Kalimantan, and Sumatra were the most studied, while other regions were underexplored or unexplored. More than half of the biomass equations were for just seven species. The majority of the studies were carried out in plantation forests and secondary forests, while primary forests remain largely understudied. Validation using independent data showed that the allometric models for peat swamp forest had lower error departure, while the models for lowland dipterocarp forest had higher error departure. & Conclusion Although biomass studies are a major research activity in Indonesia due to its high forest cover, the majority of such activities are limited to certain regions, forest types, and species. More research is required to cover underrepresented regions, forest types, particular growth forms, and very large tree diameter classes.
Introduction
Tropical forests store more than 25 % of carbon in the terrestrial biosphere (Bonan 2008) . However, the forests in the tropics are being lost at the rate of 2,100 km 2 year −1 (Hansen et al. 2013) , adding significantly to global net greenhouse gas (GHG) emissions (Intergovernmental Panel on Climate Change (IPCC) 2013). Emission reduction strategies such as the REDD+ mechanism under the auspices of the United Nations Framework Convention on Climate Change (UNFCCC) depend on countries being able to produce accurate and precise estimates of standing biomass stocks and changes in these stocks. The FAO FRA (2010) showed that most countries use global IPCC default values for estimating the biomass and carbon stocks in their forests, and they do not have estimates based on locally appropriate data. The IPCC Guidelines for National Greenhouse Gas Inventories (IPCC 2006 ) use a tiered approach for emission inventories: tier 1, the simplest to use, is based on global default emission/removal factors, tier 2 is based on country-or region-specific data, and tier 3 uses higher order, spatially explicit data, and modelling to obtain greater certainty of estimates (IPCC 2006) . The IPCC also proposes two methods, the gain-loss method and the stock-difference method, to measure the stock changes in any carbon pool and generate emission factors. The gain-loss method is a mass balance model where the net change in a given pool is the difference between additions and removals from the same pool, while the stock-difference method is based on the inventorying of stock at two time points. To implement the gain-loss or stock-difference methods across landscapes, inventory compilers need data on forest and non-forest ecosystems in order to produce emissions factors for net changes associated with land use or land use change. One of the main limitations to improving emissions factors is the lack of appropriate biomass equations for converting plot scale measurements collected in a traditional forest inventory into biomass estimates and subsequently into carbon numbers (IPCC 2006; Verchot et al. 2012; Joseph et al. 2013) .
The development of allometric equations requires harvesting and weighing of trees and linking of tree structure variables such as diameter, height, and/or other dendrometric variables to the total biomass using mathematical functions. Metabolic ecological theory establishes a universal power law relationship between tree biomass and tree diameter with a fixed scaling exponent close to 8/3 (West et al. 1997 . However, empirical studies show that the fixing of the power relationship without considering the tree's intrinsic and extrinsic variables generates systematic overestimation of biomass (Chave et al. 2005) . The height (Feldpausch et al. 2012) , wood density , crown size (Goodman et al. 2014) , life history strategies (Henry et al. 2010) , climatic zones (Brown et al. 1989) , forest type (Rutishauser et al. 2013) , and site characteristics (Alvarez et al. 2012 ) contribute significantly to variation in the aboveground biomass. Chave et al. (2005) developed benchmark models for the tropics involving diameter, wood density, and height according to forest types. Although Chave's models perform reasonably well in certain sites in Southeast Asia (Rutishauser et al. 2013) and Africa (Vieilledent et al. 2012; Fayolle et al. 2013 ), most of the other studies show higher uncertainty in biomass estimates compared to those developed locally (Basuki et al. 2009; Kenzo et al. 2009a; van Breugel et al. 2011; Alvarez et al. 2012; Goodman et al. 2014) . In another recent benchmark pantropical study, Feldpausch et al. (2012) showed substantial variation in biomass distribution and forest structure among regions and continents and concluded that future biomass models based on continents and regions may prove more robust than pantropical models.
Many regional and global efforts are underway to compile allometric equations to enhance biomass estimates and carbon reporting. Among the global initiatives, the recent GlobAllomeTree program (www.globallometree.org; Henry et al. 2013) has compiled 706 equations for Europe, 2,843 for North America, and 1,058 for Africa. They also reported 1,172 equations for Asia, which consisted of 1,102 from Cambodia and 70 from Indonesia. Other notable compilations include those of Queensland (Eamus et al. 2000) , North America (Jenkins et al. 2003) , Europe (Zianis et al. 2005) , and sub-Saharan Africa (Henry et al. 2011) . In Indonesia, a significant step was made by Krisnawati et al. (2012) who compiled 807 equations (437 biomass and 370 volume equations).
Indonesia is the second largest emitter of GHGs in the land use sector, accounting annually about 105 Tg C from a deforested area of 701,000 ha, between 2000 and 2005 (Harris et al. 2012) . The estimation of carbon stock and stock changes has become a common subject of research in Indonesia and is driven by Indonesia's participation in the global REDD+ initiative. Very high carbon emissions during the intense fires in 1997 (Levine 1999; Page et al. 2002) raised international awareness of the importance of forest-related emissions in Indonesia (Achard et al. 2002; Houghton 2003; Miettinen et al. 2011) . Saatchi et al. (2011) estimated an average carbon stock of 155 t ha −1 (at a threshold of 25 % canopy cover) using a combined approach involving satellite data, LiDAR measurements, and field data at a spatial resolution of 1 km. Ground level efforts were also taken up at the national level by implementing a national forestry inventory (NFI) program. There are currently 2,205 NFI plots, with a planned monitoring interval of 5 years. Although stand density and other ancillary information are available, we need to learn how to convert plant parameters such as diameter and height to biomass and carbon stock values. The present study was thus designed with the aim of compiling the available biomass equations in Indonesia to support national level climate change mitigation programs and projects including REDD+ readiness activities.
Materials and methods
A systematic survey of the scientific literature was conducted to compile the biomass equations for Indonesia. The first step was to contact the leading experts working on forest biomass across the country under the assumption that the subject experts were able to provide first hand, up-to-date, and time-efficient assessments. A standard questionnaire form, asking for the status of biomass research at their region, contact information of the main research groups working in their regions, and supplementary evidence, if any, was prepared. A total of 54 experts were surveyed from a wide range of institutions including government, universities, NGOs, international, private, and other research groups focusing on Indonesia.
The sources of published literature were varied: from ISI publications, national journals, conference proceedings, scientific reports, and theses. The primary language of writing in many of the above sources was not English, except for ISI publications. Therefore, we recruited researchers fluent in both English and Indonesian (Bahasa Indonesia) languages and trained them to perform literature searches on biomass estimation. We carefully designed a matrix after reviewing key guidelines, manuals, and other international literature (Brown 1997; Jenkins et al. 2003; Zianis et al. 2005; Henry et al. 2011; Walker et al. 2011) . Researchers were asked to fill out the matrix after thoroughly checking the data sources during the institutional visits. We also asked for a copy of any published materials for further checking and verification. Information on the geographical location, land use category, vegetation type, and species studied were noted for each study. The major parameters such as sample size (n), diameter, and height range of the measured trees along with statistical parameters such as coefficient of determination (R 2 ), standard errors, and correction factor were also noted. Additional information such as values for wood density, biomass expansion factor, and root/shoot ratio was also collected, if available.
The data were overlaid on a land use/land cover map to assess their spatial distribution and identify areas and vegetation types with no measurements. The base land use/land cover map for this assessment was obtained from the Ministry of Forestry, Government of Indonesia. This map was prepared from Landsat images with a spatial resolution of 30 m taken between 2009 and 2010. The original data was classified into 22 classes (Romijn et al. 2013) . We reclassified them into six classes: forest land, cropland, grassland, wetland, settlements, and other land, as per the IPCC guidelines (2006) . The forest land consisted of three forest types (i.e., upland, peat swamp, and mangrove) and was subdivided into intact and degraded categories. Since forests are the largest carbon pool and most affected by human activities, we retained all the six forest subclasses. Thus in total, 11 classes remained which include six forest and five non-forest classes. Allometric equations with spatial information were overlaid on the land cover map to assess the spatial distribution with respect to different regions and land cover types.
We conducted a validation exercise for some of the equations for peat swamp forest and dipterocarp forests. The data sets used for the validation are explained in Table 1 . We limit our validation efforts to the above vegetation types due to our restricted access to the destructive sample data. We excluded equations that had R 2 value less than 0.8. In addition, we did not consider those equations that were developed from studies where the sample size was less than 15 trees, and the highest diameter was less than 20 cm. In total, 19 equations were validated, which included 12 equations from dipterocarp forest and 7 equations from peat swamp forest (Table 2 ). The mean percentage error (MPE) and mean absolute percentage error (MAPE) were calculated for each equation as follows. Equations with low MAPE proved to be a good estimator, while MPE provided evidence about whether the equations were under-or overestimated.
where x p and x m are the predicted and measured biomass values, respectively.
Results

Data sources
The literature survey and correspondence with experts resulted in the identification of 2,458 biomass equations (ESM 1) from 168 studies (ESM 2). Publications included 15 ISI journal articles, 27 national journal articles, 16 conference proceedings, 93 theses, and 17 technical /project reports. The maximum number of allometric equations was obtained from theses (1,910 equations) followed by national and ISI journals (281 and 119 equations, respectively). Theses made up 55 % of the total publications, and these publications collectively provided 78 % of the equations. Similarly, ISI indexed journals contributed 5 % of the total publications, which supplied 9 % of the equations. National journals contributed 11 % of the publications and contributed 16 % of the equations (Fig. 1 ).
Biomass components
A total of 87 terms were used to represent different biomass components of trees. We have segregated these terms into seven meaningful classes to match the international literature on biomass: aboveground biomass (AGB), belowground biomass (BGB), branch biomass (BrB), leaf biomass (LeB), stem biomass (SteB), total biomass (TB), and twig biomass (TwB) ( Table 3 ). These classes include 1,408 equations contributing 57 % of the equations. The most frequently studied biomass components include stem biomass (254 equations), total biomass (244 equations), leaf biomass (236 equations), and branch biomass (217 equations). The equations for total aboveground biomass and belowground biomass were 186 and 150, respectively, which together contributed only 14 % of the equations. The equations which were not included in the above seven classes were categorized as "others." These consisted of 1,050 equations from 80 different terms of biomass components (ESM 3). The major categories in this class included leaf carbon mass (126 equations), stem carbon mass (117 equations), branch carbon mass (111 equations), and total carbon mass (94 equations). Some of the terminologies in the "other" class were confusing as there were no explicit definitions given in the publications, for example, old trunk biomass, small root biomass, big root biomass, and so on. Specialized allometric equations also noted in this study (such as aerial root biomass, flower biomass, fruit biomass) were also grouped into the (2007) LDF1-12 denotes the equations from lowland dipterocarp forest and PSF1-7 is for peat swamp forests "other" category as they contributed an insignificant fraction (2 %) of the biomass equations.
Sample size and methods
The majority of the equations (2,339 out of 2,458) specified sample size in terms of the number of trees cut. The sample size (n) ranged from 4 to 226 trees. Among the compiled studies, 41 % had a sample size of less than 15 trees, 48 % were based on sample sizes between 16 and 40 trees, 9 % were based on sample sizes between 41 and 90 trees, and the rest (2 %) sampled between 91 and 226 trees. The largest sample sizes were reported by Hendri et al. (2012) 
Predictor variables
Out of 2,458 equations, 1,500 were based on a single predictor. Diameter was the most widely used single predictor; 1,345 equations (55 % of equations) were based on diameter. Height was used as single predictor in 74 equations (3 %), while wood density was the basis of only four equations. The combination of diameter and height was found in 873 equations, while diameter with wood density was observed in 50 equations. Only 14 equations used diameter, height, and wood density. The goodness-of-fit or the strength of the equations, expressed as R 2 , was higher for diameter-height-wood density combinations (Fig. 2) . The diameter-height combination showed higher variability in predictive power compared to diameter only equations, while the number of outliers and extreme R 2 values were higher in diameter alone equations. The R 2 value was greater than 0.7 in 1,582 equations and lower than 0.7 in 811 equations, while the remaining 65 equations did not specify the R 2 value.
Species-vs. habitat-specific
Twenty-one habitat types and 65 species were studied in detail. Species-specific studies contributed 1,947 equations, which was about 79 % of the equations (Table 4 ). This included equations developed for 55 species, 8 genera (e.g., Shorea), and 2 groups (two species combined together as a group) (e.g., Avicennia marina and Rhizophora mucronata) which will be hereafter known as species-specific equations. Of these, 1,106 equations were for major biomass components such as AGB, BGB, TB, and so on, and 841 are for other category ( Fig. 1 The data sources for biomass studies and allometric equations in Indonesia. The outer circle represents number of studies, and the inner circle represents number of equations (116), and twig biomass (95). Although 65 species were studied, AGB, BGB, and total biomass were reported only for 34, 31, and 25 species, respectively. Out of the 1,947 species-specific equations, seven species contributed 1,255 allometric equations (65 %). This includes Acacia mangium (298), Schima wallichii (242), Acacia crassicarpa (217), Pinus merkusii (151), Rhizophora apiculata (132), Paraserianthes falcataria (114), and Tectona grandis (101). The highest number of biomass equations was observed for A. mangium for different categories such as BGB (32), branch biomass (27), leaf biomass (38), stem biomass (30), and others (137). For AGB, total biomass, and twig biomass, the most frequently studied species include P. merkusii, Eucalyptus hybrid, and S. wallichii with 15, 34, and 23 equations, respectively.
We found 511 habitat-specific equations (21 % of the equations). Among these, 302 equations were for major biomass components and 209 were for the other category. Aboveground biomass, belowground biomass, and total biomass had 59, 34, and 38 equations, respectively. About 21 different habitats and/or management units were specified in these studies (Table 5) . We have refined these 21 categories into six major forest types (Table 6 ). We focus only on AGB, BGB, and TB equations as these equations refer to the major biomass pools, which reduced the number of equations from 511 to 131. Dipterocarp forest and peat swamp forest contributed 43 and 24 % of the total with 56 and 31 equations, respectively. Heath forest, limestone forest, and mangrove forest were represented but with three or fewer equations each. However, 28 % of the equations provided no detailed information on the forest types from which they were derived.
Spatial distribution of allometric equations
Most of the studies were carried out in Java, Kalimantan, and Sumatra islands (Fig. 3) . Province-wise, the highest number of studies appeared in Central Java (28) followed by West Java Hendri et al. 2012) , and Maluku (Stas 2011). We did not find any biomass equations from Bali, Lesser Sunda Islands, and Nusa Tenggara regions. Primary forest types, i.e., upland, peat swamp, and mangrove forests, were underexplored and represented a negligible fraction of the equations. The majority of the equations were from plantations crops and agroforestry systems. The research in Java mostly focused on plantation forests, while in Kalimantan and Sumatra, the focus was on secondary forest types.
Validation of equations
The MAPE for the lowland dipterocarp forests (LDF) ranged from 25 to 90 %. Seven LDF equations have MAPEs lower than 40 %, while others have departures more than 60 %. Most of inaccurate equations were developed from a small number or sample and/or a limited DBH range. LDF2 equation is the Abbreviations are detailed in Table 3 Indonesian biomass databasebest equation with the lowest MAPE (Table 7) and with a mean distribution of MPE close to zero (Fig. 4) . It was developed from 40 samples and a maximum DBH of 115 cm (Anggraini 2011). Compare to LDF equations, the peat swamp forest (PSF) equations have lower variations in MAPEs, which range from 17 to 55 % ( Table 7) . The best PSF equation was PSF6 developed from a high DBH range with a relatively small number of samples (Manuri et al. 2013) . Other PSF equations were developed with maximum DBH of less than 72 cm. All MPE distributions from the best equations had a trending line that was close to zero (Figs. 4 and 5 ).
Other ancillary information
Apart from the biomass equations, the survey attempted to collect available information on wood density, biomass expansion factors and root/shoot ratios. The survey compiled 184 wood density values that included 113 species from 15 studies. This covered different vegetation types such as peat swamp forest (76 species), lowland mixed dipterocarp forest (10 species), mangroves (10 species), mixed secondary forest (9 species), plantation species (6 species), and other forest species (2 species). The wood density values varied from 290 kg/m 3 for Ficus spp. in peat swamp forest to 1, 240 kg/m 3 in R. apiculata in mangroves. In general, mangrove forest showed high average wood density followed by peat swamp and dipterocarp forests (Fig. 6) . Information on biomass expansion factors and root/shoot ratios was relatively small. We found 22 biomass expansion factors (7 species from 11 studies), mostly from plantations. Biomass expansion factors ranged from 1.09 for R. apiculata to 4.84 for T. grandis. The study compiled 25 root/shoot ratios (four species from eight studies) from different plantations with values ranging from 0.05 to 12.7. The lowest root/shoot ratios were observed for T. grandis and the highest were for P. falcataria (ESM 4 and 5). Abbreviations are detailed in Table 3   Table 6 The availability of aboveground, belowground, and total biomass equations with respect to major forest types in Indonesia 
Discussion
Comparison with previous work
In Indonesia, Krisnawati et al. (2012) published a major compilation of equations that included 437 biomass allometric equations and 370 volume equations. These authors also reported 193 studies in Indonesia; of these, 58 % developed volume equations and the rest (81 studies) developed allometric equations. Our study recorded 168 references only for biomass allometric equations. Masripatin et al. (2010) estimated the carbon stock of Indonesia using 38 equations that included 11 equations in natural forests, 19 equations in plantations, and 8 equations in agroforestry systems. Other notable efforts in Indonesia include the work carried out by Hairiah and Rahayu (2007) , Sutaryo (2009), and Hairiah et al. (2010) that presented methods and protocols for biomass measurements, with a list of important equations. The language used in most of the above works was Bahasa Indonesia, so most equations are not readily accessible to international peers.
Data sources
Our review shows that the availability of allometric equations is high in Indonesia (2,458 equations) compared to sub- Fig. 3 Spatial distribution of allometric equations in Indonesia. The base land use/land cover map was prepared from Landsat series data by the Ministry of Forestry, Government of Indonesia. The classes in the base map were recoded to reflect the IPCC land cover classes Table 7 Mean percentage error (MPE) and mean absolute percentage error (MAPE) of the model estimates using the select allometric equations given in Table 2 for calculating the biomass   LDF1  LDF2  LDF3  LDF4  LDF5  LDF6  LDF7  LDF8  LDF9  LDF10  LDF11 The lowest MAPE is given bold letters to specify the best equations in the respective group Saharan Africa (850 equations; Henry et al. 2011) and Europe (607 equations; Zianis et al. 2005) . The majority of the information on allometric equations in Indonesia exists as grey literature in various university libraries. For example, we found 78 % of the allometric equations in university libraries in the form of theses. In sub-Saharan Africa, the contribution from grey literature was about 72 % (Henry et al. 2011) . Apart from three theses written in English (Samalca 2007; Persch 2010; Stas 2011) , all others were in Bahasa Indonesia. We contacted 63 experts and received responses from 54 of them; we might have missed a minor portion of the grey literature produced by remotely located universities.
Sampling and parameters used for developing the equation
The studies compiled during the present survey were based on a sample size ranging from 4 to 226. Only a few studies cut more than 100 trees in Indonesia (Yamakura et al. 1986a, b; Hashimoto et al. 2004; Heriansyah et al. 2007; Miyamoto et al. 2007; Basuki et al. 2009; Hendri et al. 2012 ). The cumulative number of trees cut from 168 studies was 5,207 trees. This number outweighs all other studies in the tropics. For example, the most comprehensive pantropical study used only 2,410 trees (Chave et al. 2005 ) that is less than half of the trees cut in Indonesia alone. This underlines the importance of pooling the data and making it available for the wider scientific community for further testing and development of new models. Allometric databases from African and European regions showed that diameter is the most common predictor of biomass (63 and 46 %, respectively). Our review also indicated that diameter is the most commonly used single predictor of biomass and 55 % of the equations were based on it. This is probably because it can be measured easily and accurately in the field. The studies by Brown (2002) and Gibbs et al. (2007) also point out that the diameter alone can explain 95 % of the variation in biomass in tropical mixed forest.
Although diameter was the most widely used predictor of aboveground biomass, caution should be applied when using such equations. A comparative study carried out by Harja et al. (2011) using the equations from Chave et al. (2005) , Table 2 Brown et al. (1989) , Basuki et al. (2009), and Ketterings et al. (2001) showed that all the equations performed equally well at the lower diameter range below 60 cm, while three equations (except Chave's) overestimated the biomass above 60 cm. Among these, Kettering's equation showed the highest level of overestimation due to the lower diameter of the data sets and the fact that the equation was locally developed for Jambi area. Many equations have limited applicability as many of these are derived from local studies and from a limited diameter range. We found eight studies with a high diameter range of >100 cm. Among these, Basuki et al. (2009) developed equations for the largest diameter range, from 5 to 200 cm for lowland mixed dipterocarp forest. Other studies that harvested trees with a diameter >100 cm were Dharmawan and Samsoedin (2010) (119 cm), Marimpan (2010) (127.4 cm) , Anggraeni (2011) (115 cm), Manuri et al. (2011 Manuri et al. ( , 2013 , Niapele (2011) (115 cm), Yeza (2012) (118 cm) , and Yunianto (2012) (115 cm). As many as 40 studies in our database did not indicate the diameter range sampled.
Many authors argue about the various parameters to be taken into account for biomass estimation. According to Chave et al. (2005) , the biomass of the tree can be predicted in order of importance using diameter, wood density, height, and forest type. Brown et al. (1989) supported the use of height and stratifying equations by climatic zones. Analysis by Feldpausch et al. (2012) shows that the integration of height into biomass estimates reduced estimates of tropical carbon storage by 13 %. However, several other authors have warned against including using height in regression equations (Overman et al. 1994; Leuschner et al. 2007) . In a recent study in southwestern Amazon, Goodman et al. (2014) found that models without height overestimated AGB, but models that included height underestimated AGB substantially. Similarly in Indonesia, Basuki et al. (2009) noted that adding height into allometric equations did not increase the accuracy of the estimation. Moreover, measuring height of trees accurately in tropical dense forest is difficult. This suggests that models with only diameter and wood density may be more universal than models with diameter, wood density, and height. Basuki et al. (2009) also noted that use of diameter and wood density considerably increased the prediction capacity for a generalized/mixed species stand. Although wood density can increase the prediction capacity, only a limited number of the equations (>3 %) used wood density in our review. Perhaps, the increased availability of wood density values by the recent 
Distribution of the equations in different provinces and islands
There was a clear deficiency of available data in many regions. Most of the studies were focused on Java, Kalimantan, and Sumatra. Islands such as Sulawesi, Papua, Maluku, Bali, Lesser Sunda, and Nusa Tenggara regions were understudied or unexplored. Krisnawati et al. (2012) also reported the lack of sufficient biomass research in the eastern Indonesian region including Sulawesi, Maluku, Nusa Tenggara, and Papua. This is a serious concern as these islands are placed on the other side of the Wallace line. Biogeographically, the Wallace line separates Indonesian islands into Indo-Malayan (western side) and Australasian (eastern side) (Wallace 1869; Whitmore 1982) . A wide range of distinctive ecosystem types are reported on the eastern side, which are different to those found on the western side. For example, Cannon et al. (2007) classified 18 ecosystem and vegetation types in Sulawesi. Our survey did not come across any studies in these ecosystem types, except one from lowland limestone forest (Stas 2011 ) that was farther east of Table 2 Sulawesi Island. Similarly, Marshall and Beehler (2007) identified ten forest types in Papua: mangrove forest, swamp, swamp brush, swamp forest, lowland evergreen forest, lower montane rainforest, upper montane rain forest, subalpine forest, brush, and savanna. Among these, lowland evergreen forest was studied by Hendri et al. (2012) and claimed to be first of its kind from the Sahul shelf of the Australian and New Guinea continent in Papua. This highlights the need for more research on the unique ecosystems of these islands.
Distribution of the equations with respect to different forest types
Forest and vegetation classification of Indonesia has been developed by van Steenis (1957) , adapted by Whitmore (1984) and further refined by Kartawinata et al. (1989) based on climate, altitude, soil, and hydrology aspects. As per this classification, Indonesia harbors 14 different forest types (Kartawinata et al. 1989 ). However, Monk et al. (1997) observe that this classification system was not good enough to apply for the lesser Sunda region which has smaller islands, a seasonal climate, and holds moist deciduous, dry deciduous, thorn, and dry evergreen forests. Similarly, mangrove forest in the Indonesian archipelago is further subdivided into coastal, estuarine, and riverine types, which have different species composition and biomass stocks. In another case, heath forest grows on siliceous, sand-dominated soils that are relatively nutrient-poor and highly acidic, with a single layer of very dense saplings and poles. In a more suitable environment, this forest could grow like lowland dipterocarp forest with trees reaching around 30 m in height (MacKinnon et al. 1996) . Therefore, further biomass studies on specific forest types that represent major islands will reduce the uncertainty of biomass estimation in Indonesia.
In our survey, we found that secondary lowland dipterocarp and peat swamp forests were the most studied forest types in Indonesia. Large areas of lowland dipterocarp and peat swamp forests in Indonesia have been allocated for timber concessions. Timber concessions could provide better access to forest stands and permit cutting and measuring of trees. The studies in Java are mostly in plantation forests of "Perhutani, " a state-owned plantation company operating in Java. In contrast, few equations were developed in primary forests, and this is probably due to limited forest concessions in these forest types. Some studies have been also conducted in community lands or forests, which require less bureaucratic procedures to obtain a research permit (Ketterings et al. 2001) .
In our survey, we found very few biomass equations developed for freshwater swamp forests on mineral soils, ultramafic forests, and seasonal forests. Biomass studies of lowland tropical forests in Sulawesi, Maluku, and Papua would also be important to fill data gaps. These areas are remote and pose logistical challenges for research. Other important gaps are in lowland forests in Java and freshwater swamp forests on mineral soils in Sumatra and Kalimantan, which are experiencing rapid deforestation.
Finally, many authors provided insufficient information on the forest types studied. Instead of describing the forest types, some authors used the terms for land use category or successional stage such as community forest, swidden forest, or secondary regrowth. Improving the descriptions of methods and forest types will make these studies more useable. Fig. 6 Average wood density of major vegetation types in Indonesia. The small square in the middle of each error bar represents the mean wood density, and the attached bars are the upper and lower limits for the 95 % confidence interval band on the sample mean 4.6 The accuracy of the equations Our effort to validate equations was challenged by the availability of the destructive sample data sets. Moreover, validating all of the equations is beyond the scope of the present review. The validation exercise carried out here indicates that those who would like to use our database should perform quality checks and validation before they use these equations for biomass estimation. Our validation efforts show that peat swamp forests have error departures of less than 20 %, while the allometric models from lowland dipterocarp forest have larger errors. This may be related to the extremely high variability of biomass in large trees (Manuri et al. 2014) . It is therefore important to select equations developed from a large sample size that covers a wide range of DBH. Of the validated 19 equations, the best estimation of the biomass was shown by Anggraeni et al. (2011) in lowland dipterocarp forest and by Manuri et al. (2012) in peat swamp forest. Among these, Anggraeni's work was an unpublished thesis, indicating the importance of grey literature available at universities and the need for a common platform for sharing this kind of data and results.
Conclusions and future considerations
Our review contains a comprehensive collection of biomass equations for Indonesia. The equations represent a wide variety of forest types and species. The review shows that large amount of data exists to support development of biomass equations in Indonesia. It also shows that biomass equation availability is skewed to certain regions, species, and habitats. Java and Kalimantan have the largest number of studies and seven species contributed more than half the biomass equations. We also observed that specific biomass components were given preference in the literature. In many cases, sample size was inadequate and diameter ranges were limited, which limits the applicability of these equations.
In order to improve the biomass research in the country, a wide range of such issues need to be addressed. Studies need to provide clear definitions of the biomass compartments and forest types. The studies restricted to minor biomass compartments (such as leaf and fruit) have limited use in the context of climate change mitigation as they do not cover large carbon pools of the system. The increase in sample size and the inclusion of trees that span large diameter ranges can reduce the error in the biomass estimates and make equations more generally applicable. The procedures followed during the data collection and analysis should be given in detail, and original data sets should be made available within publications. The allometric models should be developed using a step-wise approach, and the percentage contribution of each variable to the overall model fitting should be specified. This compilation is a contribution to support the readiness activities of national-level climate change mitigation projects and programs including REDD+. Further research is required to analyze the quality and performance of the equations under a wider range of conditions. This analysis also highlights important gaps and the need for new equations, particularly for primary forests and swamp forests on mineral soils.
